Background {#Sec1}
==========

Tomato is among the top vegetable crops in production in different parts of the world (FAO [@CR18]). In Oman, tomato is the top vegetable crop in terms of production (47,812 tones) and area of cultivation (1358 ha). Most (87 %) tomato production is in Al Batihan region, to the north west of the capital area, Muscat. More than 90 % of tomatoes are grown in open fields, while some are planted under greenhouses or shadehouses. Tomato seeds are usually imported from abroad and many of the cultivars are renamed before distribution to farmers. Tomatoes are consumed locally and exported to markets in neighboring countries. Despite the high reliance on this crop, tomato in Oman and in other countries is affected by a number of fungal diseases, the most serious of which are leaf spot and blight diseases.

The genus *Stemphylium* is an important and destructive pathogen causing leaf spot diseases in several agricultural crops (Ellis [@CR14]). In some cases, the disease incidence of tomato leaf spot caused by *Stemphylium* has been reported to reach as high as 100 % (Cedeño and Carrero [@CR12]). *Stemphylium lycopersici* was first described from tomato (Enjoji [@CR16]), and since then, it has been reported in more than 30 host genera worldwide (Ellis and Gibson [@CR15]; Farr and Rossman [@CR19]). *S. solani* is also another species of *Stemphylium* causing grey leaf spot of tomato (Cedeño and Carrero [@CR12]). Both species reproduce asexually through the production of conidia and there is no known teleomorphic stage for both species (Ellis and Gibson [@CR15]; Inderbitzin et al. [@CR22]). In Oman, *S. lycopersici* and *S. solani* have been reported on tomato plants in the Batinah governorate (Waller and Bridge [@CR43]). Symptoms appear as small spots with a yellow halo which eventually become necrotic. It can lead to defoliation and may attack floral parts.

The identification of *Stemphylium* species has relied on sequence analysis of various DNA regions (Câmara et al. [@CR11]; Inderbitzin et al. [@CR22]; Nasehi et al. [@CR31], [@CR33]). Previous studies have confirmed that combining the internal transcribed spacers (ITS) and glyceraldehyde-3-phosphate dehydrogenase (*gpd*) regions could help resolve *Stemphylium* to the species level (Câmara et al. [@CR11]; Nasehi et al. [@CR31], [@CR33]).

Knowledge of the genetic structure of pathogen populations is essential to predict disease epidemics and to develop effective strategies for disease management (McDonald and Linde [@CR26]). The genetic variation between isolates or individuals can be assessed using different molecular methods, including amplified fragment length polymorphism (AFLP) fingerprinting (Vos et al. [@CR42]; Al-Sadi [@CR2]; Al-Sadi et al. [@CR7], [@CR8]).

Population genetic analysis of *S. lycopersici* has focused on the genetic relatedness of isolates from different hosts and geographical locations (Nasehi et al. [@CR31]). In their study, the polymorphism within *S. lycopersici* isolates was found to be 55 and 69 % using RAPD (random amplified polymorphic DNA) and ISSR (inter simple sequence repeat) markers, respectively. However, no information is available concerning the level of genetic diversity of *S. lycopersici* in a single field or from other locations of the world. This makes our knowledge limited about the level of diversity as well as dynamics and the level of gene flow of the pathogen within the same field.

The main purpose of this study was to analyze the population genetic structure of *S. lycopersici* in a single field. Specific objectives were: (1) to identify *Stemphylium* species associated with leaf spot of tomato in a field in Oman using sequence analysis of combined dataset of the ITS and *gpd* regions, and (2) estimate the levels of genetic diversity and genetic differentiation in *S. lycopersici* populations obtained from two tomato cultivars. Knowledge into these areas will help characterize the potential level of *S. lycopersici* spread within tomato fields and provide a basis for establishing effective management strategies.

Methods {#Sec2}
=======

Sample collection and isolation {#Sec3}
-------------------------------

In January 2014, a total of 79 leaf samples developing leaf spot symptoms were collected from two tomato cultivars: Miral and an Inbred line. The cultivars were grown in a completely randomized block design in farm that is located in Barka city, approx. 50 km to the north of capital area of Oman. The number of plants grown in the field was 600 and 420 for Miral and Inbred line, respectively. No pesticides were applied on the two cultivars. The spots were characterized by grey to dark brown and black color, surrounded with yellow hallo. Miral cultivar had a high incidence of the disease, affecting 87 % of the tomato plants grown in the field. However, the Inbred line had a lower incidence level, with 31 % of the plants developing leaf spot symptoms. Out of the 79 collected samples, 55 were from the severely affected cultivar "Miral", while 24 were from the "Inbred line" which was less affected.

Isolations were established by cutting the symptomatic leaves into small pieces (approx. 5--7 mm). The leaf pieces were disinfected using 1 % sodium hypochlorite for 2--3 min. After that, the pieces were rinsed with sterile distilled water and then blotted dry on sterile filter paper. Isolation of fungi was established on 2.5 % potato dextrose agar (PDA) amended with 10 mg L^−1^ rifampicin and 200 mg L^−1^ ampicillin. The plates were incubated at 25 °C with 12 h photoperiod for 10 days. Colonies of *Stemphylium* were identified to the genus level based on the morphology of spores (Ellis and Gibson [@CR15]) and they were transferred to fresh PDA plates, and pure cultures were established using mycelium tip culture. A total of 79 *Stemphylium* isolates were obtained (one per leaf sample) of which 55 from Miral and 24 from the inbred line.

DNA extraction {#Sec4}
--------------

Genomic DNA of *Stemphylium* isolates was extracted using a modified protocol of Lee and Taylor ([@CR24]) as described by Al-Sadi et al. ([@CR3]). The steps included lysis of fungal cells using a lysis buffer, followed by two steps of phenol--chloroform--isoamyl alcohol (25:24:1), precipitation using sodium acetate and isopropanol and cleaning using 70 % ethanol. The extracted DNA was re-suspended in 100 ml TE buffer (10 mM Tris HCl, 1 mM EDTA) and stored at −20 °C for further use. A Thermo Scientific NanoDrop 2000 was used to check the quality and concentration of the extracted DNA and it was then kept at −20 °C until used.

Polymerase chain reaction and sequence analysis {#Sec5}
-----------------------------------------------

The ITS and *gpd* regions of the 79 isolates were amplified using universal primers ITS1 and ITS4 (White et al. [@CR44]) and gpd1 and gpd2 (Berbee et al. [@CR10]), respectively. The PCR reaction mixtures and amplification conditions were as described for the ITS (Al-Sadi et al. [@CR5]) and gpd2 regions (Nasehi et al. [@CR31]) using PuReTaq™ Ready-To-Go ™ PCR beads (GE Healthcare, UK). PCR products were resolved on 1.5 % agarose gel under 0.5× Tris--borate--EDTA buffer (TBE) at 120 V for 45 min. The PCR products were sequenced in both directions using the same forward and reverse primers used for PCR amplification. Sequencing was carried out by a commercial sequencing service provider (Macrogen Inc., Seoul, Korea).

To analyze the relationships of the isolates to known *Stemphylium* species, the 79 consensus sequences from this study and 23 sequences of *Stemphylium* species deposited in GenBank by Câmara et al. ([@CR11]), Inderbitzin et al. ([@CR22]), Kurose et al. ([@CR23]) and Hong et al. ([@CR21]) were initially aligned using the ClustalW multiple alignment (Thompson et al. [@CR41]). The sequences were checked visually and improved manually where necessary. *Alternaria alternata* (EGS 34-016) was used as an out-group. A neighbor-joining tree was constructed based on the matrix of pairwise distances obtained using the Kimura 2-parameter evolutionary model (Mega 6.0; Tamura et al. [@CR40]). The bootstrap values illustrated on the phylogenetic trees were generated with 1000 replicate heuristic searches. All gaps were treated as missing data.

AFLP fingerprinting {#Sec6}
-------------------

AFLP was used to examine the genetic diversity within 79 *S. lycopersici* isolates following a modified protocol as described by Al-Sadi et al. ([@CR4]) using FAM-6-labelled *Eco*RI-AGX selective primers. The primer combinations *Eco*RI-AGA/*Mse*I-CAT, *Eco*RIAGT/*Mse*I-CAT, and *Eco*RI-AGT/*Mse*I-CAA were used in this study. DNA restriction and ligation were performed as described by Al-Sadi et al. ([@CR6]). The pre-selective amplification mix consisted of PuReTaq™ Ready-To-Go ™ PCR beads, 0.65 µl *EcoR*I+A (5′-GACTGCGTACCAATTCA-3′), 0.65 µl *Mse*I+C (5′-GATGAGTCCTGAGTAAC-3′), 3.70 µl R/L mix and 20 µl Milli-Q water. The cycling profile was as described by Al-Sadi et al. ([@CR6]). The pre-selective amplification product was diluted by adding 210 μl of TE~0.1~ to the remaining amount. The selective amplification was carried out using the three primer combinations (Table [1](#Tab1){ref-type="table"}). The PRC reaction mixtures and conditions were as described by Al-Sadi et al. ([@CR6]) using PuReTaq™ Ready-To-Go™ PCR beads. The AFLP experiment was carried out twice for each isolate starting from the DNA extraction step.Table 1Evaluation of the three primer pair combinations utilized to identify and assess genetic diversity within 79 *Stemphylium lycopersici* isolates using AFLP fingerprinting analysisNo.*Eco*RI*Mse*INo. of allelesNo. of Polymorphic alleles% polymorphismH^a^1AGACAA1110910.09112AGACAT4039980.08003AGACTG44441000.0615^a^H = Nei's ([@CR34]) gene diversity

Analysis of AFLP data {#Sec7}
---------------------

The scoring of AFLP data was done as 1 for the presence and 0 for the absence of each locus within the size range of 50--500 base pairs (bp). Genotypic diversity within each population was determined as described by Stoddart and Taylor ([@CR39]) followed by scaling it by the number of genotypes (g) (Grünwald et al. [@CR20]). Nei's gene diversity (Nei [@CR34]), the number of polymorphic loci and genetic distance based on Nei's ([@CR35]) unbiased measures of genetic distance were determined using POPGENE (v 1.32) (Yeh and Boyle [@CR45]). UPGMA (unweighed pair group method with arithmetic mean) analysis used Nei's unbiased measures of genetic distance for the construction of a dendrogram (NTSYSpc v 2.21m) (Rohlf [@CR37]). Arlequin program version 3.1 (Excoffier et al. [@CR17]) was used for analysis of molecular variance (AMOVA) among the populations obtained from the two tomato cultivars.

Results {#Sec8}
=======

Identification of *Stemphylium* isolates {#Sec9}
----------------------------------------

PCR amplification of the ITS and *gpd* regions for the 79 isolates (55 form Miral and 24 from an inbred line) produced fragments of ca. 484 and 504 bp, respectively. The final sequence alignment of the combined data sets comprising 103 taxa had 1038 characters, of which 785 characters were constant, 223 were variable, and 94 characters were parsimony informative. The 79 isolates clustered with reference isolates of *S. lycopersici* with a high bootstrap support (Fig. [1](#Fig1){ref-type="fig"}), indicating that all the isolates obtained in this study are *S. lycopersici*. The ITS and gpd sequences were deposited in GenBank for two *S. lycopersici* isolates representing the two clades. The GenBank accession numbers are KU556786 (ITS) and KU556787 (gpd) for isolate SQU pop01 and KU556788 (ITS) and KU556789 (gpd) for isolate SQU pop06.Fig. 1A neighbor-joining tree derived from a ClustalW sequence alignment of combined dataset of the ITS and *gpd* regions of 79 isolates used in this study (SQU pop01--SQU pop79) and other reference *Stemphylium* species. The distances were determined according to Kimura's two-parameter model. Bootstrap values (\>50 %, 1000 replicates) are positioned alongside the branches. *Alternaria alternata* was used as an out-group

Genetic and genotypic analysis {#Sec10}
------------------------------

The three primer combinations E+AGA/M+CAA, E+AGA/M+CAT and E+AGA/M+CTG generated 11, 40 and 44 alleles, of which 10, 39 and 44 alleles were polymorphic, respectively. Nei's gene diversity ([@CR34]) was found to be low for the three primer combinations (Table [1](#Tab1){ref-type="table"}).

Population genetic analysis of the population from 'Miral' cultivar and the 'inbred line' cultivar showed that both populations have a very low level of genetic diversity (0.0708 and 0.0677, respectively). The populations from 'Miral' cultivar the 'inbred line' cultivar produced 55 and 24 genotypes, respectively. The total number of polymorphic alleles was 93 within all isolates (Table [2](#Tab2){ref-type="table"}).Table 2Genetic analysis of 79 *Stemphyllium lycopersici* isolates obtained from the two tomato cultivars Miral and Inbred line using AFLP fingerprinting analysisCultivarNNPLPPL*G*% Ĝ/gHMiral557581551000.0708Inbred line246065241000.0677All799398791000.0948N is the sample size, NPL is the number of polymorphic loci, PPL is the percentage of polymorphic loci (out of 98), *g* is the number of different genotypes recovered, % Ĝ/*g* is the percentage of maximum diversity obtained in each population, and H is Nei ([@CR34]) gene diversity

Cluster and AMOVA analyses {#Sec11}
--------------------------

Pairwise analysis of genetic differentiation indicated the presence of a very low levels of genetic differentiation between the two populations (F~st~ = 0.0206). The rate of gene flow of isolates between the two cultivars was high (N~m~ = 23.8). These data were consistent with UPGMA analysis, which grouped 79 *S. lycopersici* isolates obtained from the two tomato cultivars into subclusters of 79 AFLP genotypes (Fig. [2](#Fig2){ref-type="fig"}). Cluster analysis revealed that isolates obtained from the two tomato cultivars were intermixed together, and no relationship was observed between the clustering of the isolates and the cultivars from which they were obtained.Fig. 2UPGMA dendrogram illustrating Nei's ([@CR35]) genetic distance of *Stemphyllium lycopersici* isolates (SQU pop01--SQU pop79) obtained from the two tomato cultivars Miral (M) and Inbred line (IL) based on AFLP fingerprinting analysis

Discussion {#Sec12}
==========

Isolations from tomato leaves revealed the association of *Stemphylium lycopersici* with the leaf spot symptoms. This fungal species has been reported as a causal agent of leaf spot on tomato in different countries (Enjoji [@CR16]; Ellis and Gibson [@CR15]; Min et al. [@CR30]; Nasehi et al. [@CR32]). Phylogenetic analysis of the 79 isolates with reference isolates revealed that the same five clades, A--E, were delineated as indicated by Câmara et al. ([@CR11]), and Clade F was also congruent with that of Inderbitzin et al. ([@CR22]) (Fig. [1](#Fig1){ref-type="fig"}). The analysis showed that all 79 isolates clustered in clade A which included reference species of *S. lycopersici* (EGS 46-001) and *S. xanthosomatis* (EGS 17-137) by a strong bootstrap value (100 %). However, Câmara et al. ([@CR11]) suggested that *S. xanthosomatis* is a synonym of *S. lycopersici*. Our data therefore show that all the isolates which were obtained in this study are *S. lycopersici.*

Tomatoes have been grown in the field for at least the last 10 years. Leaf spot symptoms have been observed in the field in the past, but at low levels. However, the incidence was very high during this season. Although this could be related to growing the susceptible cultivar "Miral" for the first time in the farm, this hypothesis needs to be investigated in future studies by doing pathogenicity tests on this cultivar and the other cultivars grown in the farm.

A low level of genetic diversity was observed within populations of *S. lycopersici* from the two tomato cultivars. This could be related to several factors. Firstly, the population of *S. lycopersici* in the farm could have originated from a single source in the past. Fungal species originating from a single source have been reported to have a relatively low level of genetic diversity (Al-Sa'di et al. [@CR9]; Al-Sadi et al. [@CR7]). This fungus is mainly transmitted via wind for short distances (Rossi et al. [@CR38]) and it is unlikely to be transmitted frequently from other fields due to the separation of this field from other fields by more than 1 km. The second factor resulting in the low genetic diversity could be the low incidence of the disease in the field in the past, which could have kept the rates of reproduction and evolution of *S. lycopersici* at low levels (McDermott and McDonald [@CR25]; McDonald and Linde [@CR27]). However, the contribution of resistance of the previously cultivated tomato cultivars in lowering the reproduction rate of *S. lycopersici* in the field is a hypothesis which deserves investigation in future studies.

No relationship was found between clustering of *S. lycopersici* isolates and the cultivars from which they were obtained. These findings are in agreement with the results of Mehta ([@CR29]), who did not observe any clear relationship between genetic variability of *S. solani* isolates and cotton and tomato cultivars from which the isolates were collected. They are also in agreement with findings which showed the lack of relationship between clustering of *Ceratocystis radicicola* isolates and the cultivars from which they were obtained (Al-Sadi [@CR2]).

The low level of genetic differentiation and the presence of high gene flow among the two *S. lycopersici* populations from tomato cultivars is consistent with the nature of this pathogen which is airborne and can be transmitted by several means including wind and rain splash (Rossi et al. [@CR38]; Ahmad et al. [@CR1]). The high rate of movement of *S. lycopersici* within the tomato field represents a challenge for the management of the pathogen. Management strategies aimed at eliminating the spread of the pathogen may not be very effective during windy or rainy seasons. However, continuous inspection of primary inoculum infestations in fields and removal of primary inoculum may help reduce the chance of disease establishment. The use of resistant cultivars is an important strategy. Resistance genes have been incorporated in tomatoes against several pathogens, including *S. lycopersici* (Parlevliet [@CR36]). This could be one of the reasons why the severity of grey leaf spot of tomato has been low in the field over the last 10 years. However, chemical control may be necessary in some cases to prevent disease levels from reaching economic thresholds (de Miranda et al. [@CR13]).

Conclusion {#Sec13}
==========

The combined dataset of the ITS and *gpd* regions helped identify 79 *S. lycopersici* isolates to the species level. Population genetic analysis indicated frequent movement of *S. lycopersici* within fields. This may result in high disease epidemics under the most favorable environmental conditions. Since temperature, wind speed, tomato cultivars and other factors may affect the population structure of fungi (McDermott and McDonald [@CR25]; McDonald and McDermott [@CR28]), future studies should address the population structure of *S. lycopersici* under different growing conditions. In addition, studies are required to address pathogen specialization on different cultivars.
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